Abstract-Using high-k material in a gate dielectric stack, low-operating-voltage organic semiconducting material sensors for determining total dose radiation are proposed. To improve the stability of organic semiconducting layer in the atmospheric conditions, a thin silicon nitride layer deposited by hot-wire CVD process was used as a passivation layer. Furthermore, in order to achieve higher sensitivity, a parallel connection of organic fieldeffect transistors (OFETs) is explored in this letter. These sensors are exposed to ionizing radiation using a cobalt-60 radiation source for different total dose values. A three-times improvement in sensitivity was observed in the OFF current with a three-OFET array.
I. INTRODUCTION
O RGANIC semiconducting/conducting materials are being explored for various sensing applications, such as vapor sensing [1] , [2] , chemical sensing [3] , biomedical applications [4] , [5] , and ionizing radiation detection [6] - [8] , employing various detection techniques. Applications of organic semiconducting material device sensors for determining ionizing radiation and detection based on changes in various electrical parameters were also reported [7] , wherein the change in conductivity of an organic material was measured as a function of ionizing radiation using an organic semiconductor-based resistor and an organic field-effect transistor (OFET). In this letter, the use of a high-k dielectric material in the gate stack for achieving low-operating-voltage operation, improvement in the sensor stability with a passivation technique, and an array configuration for enhancing the sensitivity of these structures are explored for dosimetry applications.
II. LOW-OPERATING-VOLTAGE OPERATION AND PASSIVATION
For fabricating patterned-gate OFET structures, a thick (> 500 nm) silicon dioxide (SiO 2 ) layer was thermally grown on a Si wafer to isolate the Si wafer from the active devices. Aluminum was evaporated and patterned by etching using a [9] . Interdigitated Ti/Au (10 nm/70 nm) electrodes were patterned using a liftoff photolithography technique to form source and drain electrodes of the OFET. HMDS surface treatment was done by spin coating the HMDS on a substrate at 500 r/min for 5 s, followed by 4000 r/min for 50 s, and then followed by annealing at 120
• C for 5 min. P3HT was dissolved in chloroform in a 3-mg/mL weight ratio, heated up to 60
• C, and stirred in ultrasonic bath to form a uniform solution. This solution was then spin coated on the substrate at 500 r/min for 15 s, followed by 1000 r/min for 40 s to form an organic semiconductor layer for the OFET. The sample was then annealed for 90 min at 90
• C. A thin layer (∼15 nm) of silicon nitride was deposited using a hot-wire CVD (HWCVD) technique for passivation purposes. During the HWCVD deposition process [10] , the substrate holder was kept at room temperature to avoid the effect of high temperature to the organic semiconductor layer. In an earlier study, we have shown the low-temperature HWCVD nitride to be quite effective as a passivation layer for organic devices, resulting in a 400% improvement in the atmospheric stability of the organic materials [10] .
A schematic cross section of the fabricated OFET sensor is shown in Fig. 1(a) with W/L = 24 670 μm/70 μm and a gate dielectric stack consisting of 40 nm (HfOx) + 15 nm (SiO 2 ), and the fabricated device is shown in Fig. 1(b) . The OFET sensor was irradiated using a cobalt-60 ( 60 Co) radiation source. The dose rate provided by the radiation source is 7.3 Gy/min. The sample was irradiated for different doses by varying the time for irradiation. After each irradiation, the drain current (I DS ) versus gate-to-source voltage (V GS ) characteristics at a drain-to-source voltage (V DS ) (I DS -V GS characteristics) were measured on a probe station using Keithley 2602 and Keithley 236 SMUs at room temperature in normal atmospheric conditions. The change in I DS -V GS characteristics are shown in Fig. 1(c) for different total dose radiation values. As was shown by us earlier, due to the high energy 60 Co radiation, some of the thiophene molecules in the chain get oxidized, and the appearance of these oxidized states results in a higher 0741-3106/$26.00 © 2010 IEEE conductivity of the material [7] , [11] , [12] . The rate of generation of oxidized states is not linear but saturating with increasing radiation dose. As shown in Fig. 1(d) , the OFF current (I OFF ) and ON current (I ON ) both increase with increasing dose of ionizing radiation, as extracted from the I DS -V GS characteristics of the sensor. The change in I OFF is 2.37X for 50-Gy total dose radiation, resulting in 1.86-nA/Gy sensitivity, and the change in I ON is 1.55X for 50-Gy total dose radiation. By using I ON * I OFF as a measure of total dose radiation, a change of 3.68X was measured for 50-Gy total dose radiation with 8.89 × 10 −16 -A 2 /Gy sensitivity. Various other parameters, such as saturation field-effect mobility, threshold voltage of the sensors, and I ON /I OFF ratio, also show significant changes. These values are extracted from their measured I DS -V GS characteristics and summarized in Table I .
III. IMPROVEMENT IN SENSITIVITY
In this letter, we also propose a parallel connection of OFET sensors as a method to improve the sensitivity. A circuit diagram for an OFET sensor and an array of three-OFET sensors connected in parallel is shown in Fig. 2(a) and (b) , respectively, and the fabricated devices are shown in Fig. 2(c) and (d) , respectively. BGBC structure was fabricated using an n + Si wafer acting as gate and a 130-nm thermally grown SiO 2 as gate dielectric. Source/drain electrode patterning, HMDS surface treatment, and P3HT layer formation were done, as mentioned for a single-OFET sensor. The sensors were passivated with a 15-nm silicon nitride layer. These sensors were exposed to 60 Co radiation for different doses by varying the time for exposure. The individual OFET sensors have a W/L = 19 350 μm/100 μm. Fig. 3(a) shows the I DS -V GS characteristics measured after different total dose radiations on the probe station setup discussed earlier. The change in I OFF upon exposure to a radiation dose of 30 Gy was 19.7X, and for a similar radiation dose, the change in I ON observed was 1.6X. The increase in I OFF is mainly dominated by the increase in the conductivity of the organic semiconductor. However, with radiation, there are different degradation mechanisms that affect the I ON differently. The increase in the conductivity of the material tends to increase the I ON . On the other hand, upon irradiation, there is interface trap generation at the gate oxide-organic semiconductor interface [7] and trapping occurring in the gate oxide which degrades the carrier mobility significantly, owing to increased scattering of the charge carriers, as commonly observed in MOS-like devices [13] , [14] . Because of these two competing mechanisms, the change in I ON is quite different as compared to that of I OFF behavior, with increasing dose of radiation. An array of three-OFET sensors connected in parallel with identical dimensions fabricated on the same piece of wafer was also exposed to similar dose of ionizing radiation and was characterized. Fig. 3(b) shows the I DS -V GS characteristics for an array of three OFETs connected in parallel, where the change in I OFF for a 30-Gy dose was 8X while the change in I ON was 1.4X compared to the unexposed characteristics. This indicates approximately a 11.2X change in I OFF * I ON when used as a Fig. 3 , are summarized in Table III . I OFF was the leakage current with V DS = −30 V and V GS = 0 V. The I OFF for an OFET is contributed by different factors, such as conductivity of organic semiconductor, leakage through gate dielectric, and due to overlap between source/drain and gate electrodes [15] , [16] . As can be observed in Table III , the I OFF for a sensor with three OFETs connected in parallel was found more than three times the I OFF for a single-OFET sensor due to its larger area and overlap. The changes caused due to radiation are permanent in nature, and the effect is irreversible, as discussed in [7] . The changes in the electrical characteristics show a good stability, making these sensors useful for determining total dose radiation for field applications.
IV. CONCLUSION
In summary, a low-operating-voltage patterned-gate OFET sensor for determining total dose radiation has been fabricated using a high-k gate dielectric stack, showing 2.8-nA/Gy I OFF sensitivity for a 30-Gy radiation dose with 60 Co radiation source. A sensor with three OFETs (each with W/L = 19 350 μm/100 μm) connected in parallel resulted in 32.67-nA/Gy I OFF sensitivity as compared to 11.01-nA/Gy I OFF sensitivity for a single-OFET sensor with W/L = 19 350 μm/100 μm for a 30-Gy radiation dose. Thus, the OFF-current sensitivity observed was 0.57 pA/Gy/1-μm width of the OFET. A thin (∼15 nm) layer of silicon nitride was deposited as a passivation layer using the HWCVD process, which acts as a good barrier to oxygen and moisture in the ambient and improves the atmospheric stability of the sensors [10] . Organic radiation sensors will have all the advantages of organic electronics such as large area coverage, structural flexibility, and simpler processing, resulting in a low production cost.
